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¥°. Abstract

Activin A, a member of transforming growth factor B superfamily, plays roles in
neuroprotection and immunomodulation. The expression of activin A was studied in the
inflammatory lesions of rats with spinal cord injury (SCI) by Western blotting and
immunohistochemistry. Western blotting showed that levels of activin A in core lesions in
rats with SCI were significantly increased at day 1 (p<0.05) and day 4 post-injury (p<0.01)
compared to sham control spinal cords, and were significantly lower at day 7 post-injury
compared to day 4 post-injury (p<0.05). Immunohistochemical analysis revealed constitutive
expression of activin A in vessels and neurons in the spinal cords of sham control rats. After
SCI, activin A was also detected in inflammatory cells in the core lesion, particularly in
isolectin B4-positive macrophages and glial cells. Collectively, our results suggest that a
transient increase in activin A levels after clip compression injury may contribute to the

modulation of inflammation during SCI.

Keywords : activin A; spinal cord injury; macrophage; astrocyte
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¥+, Materials and methods

IT.1. Animals

Sprague-Dawley rats (200-250 g, female) (OrientBio Inc., Kyunggido, Korea) were
used. All experimental procedures were conducted in accordance with the Guidelines for the

Care and Use of Laboratory Animals at Jeju National University.

IT.2. Antibodies and antisera

Mouse monoclonal anti-activin A (clone number 69403, 1gG1; R&D systems Inc.,
Minneapolis, MN, USA) and mouse monoclonal anti-B-actin (Sigma-Aldrich, St. Louis, MO,
USA) antibodies were used. Cell phenotypes were identified using the following antibodies:
rabbit polyclonal anti-GFAP (Dako, Copenhagen, Denmark) for astrocytes; biotinylated 1B4
(Sigma-Aldrich) for vascular endothelial cells and macrophages; and mouse monoclonal

anti-CNPase (Millipore, Billerica, MA, USA) for oligodendrocytes.
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IT.3.Spinal cord injury

The clip compression injury procedure was performed using previously published
methods (Jung et al., 2003; Kim et al., 2003, Moon et al., 2004) with modifications. The
animals were anesthetized and subjected to laminectomy at T9/T10. Immediately following
laminectomy, the spinal cord was compressed with a vascular clip (Stoelting, Wood Dale, IL,
USA), applied vertically to the exposed spinal cord at an occlusion pressure of 15-20 g for 1
min. After compression, the muscles and skin layers were closed. A total of 20 rats were used
in this study. In sham-operated control rats, only the laminectomy procedure was performed.
After injury to the spinal cord, and at the time tissues were obtained, the animals lacked all
hind-limb locomotion. The animals were sacrificed at day 0 (sham-operated controls, #n=5),
and at days 1 (n=5), 4 (n=5), and 7 (n=5) PI. Spinal cord tissues from the surgical sites were
harvested and fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS, pH 7.2) for

histological examination and Western blot analysis, respectively.

IT.4. Western blot analysis
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Western blot analysis was performed as described previously (Jung et al., 2003;
Moon et al., 2004). Briefly, spinal cords were dissected free, minced, homogenized, and
lysed in a buffer containing 40 mM Tris-HCI (pH 7.4), 120 mM NaCl, and 0.1% Nonidet P-
40 (polyoxyethylene [9] p-t-octyl phenol) and supplemented with the protease inhibitors
leupeptin (0.5 pg/ml), phenylmethanesulfonyl fluoride (1 mM), and aprotinin (5 pg/ml).
Equal amounts of protein (60 pg/20 pl) were loaded to each lane of a polyacrylamide gel and
separated under denaturing conditions by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. After electrophoresis, the proteins were electrotransferred onto nitrocellulose
transfer membranes (Schleicher and Schuell, Keene, NH, USA). Activin A was detected
using mouse monoclonal anti-activin A (R&D systems Inc.). Immunoreactive bands were
visualized by chemiluminescence using a horseradish peroxidase (HRP)-conjugated anti-
mouse antibody (Vector, Burlingame, CA, USA) and enhanced chemiluminescence (ECL;
Amersham, Arlington Heights, IL, USA). The membranes were reprobed with a monoclonal

antibody specific for B-actin (Sigma-Aldrich).

IT.5. Immunohistochemistry

Spinal cords were fixed for 24 h and processed for paraftin embedding. Then, 5-pm-
thick sections of paraffin-embedded spinal cords were deparaffinized and allowed to react
with mouse anti-activin A antibody (dilution approximately 1:100-1:200). To identify
individual cell types in the spinal cords, the following primary antibodies were applied: anti-
GFAP (dilution 1:400) for astrocytes, anti-CNPase (1:1,000) for oligodendrocytes, and

biotinylated IB4 (1:50) for macrophages and vessels. Immunoreactivity was visualized with

-5-
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an avidin-biotin peroxidase reaction (Vector Elite, Vector Labs). The peroxidase reaction was
developed using a diaminobenzidine substrate kit (Vector). To describe the cell phenotypes
of both activin A and oligodendrocytes or vessels, serial mirror sections were subjected to
single immunostaining as described above, as both antibodies originated from the same
mouse. Staining intensity was evaluated under an Olympus microscope. Three different
sections from three animals per group were examined by three blinded observers. By semi-
quantitative analysis, samples were defined as being negative (—) or containing <20 positive
cells (+), 2050 positive cells (++), or >50 positive cells (+++). The intensity of activin A
staining in endothelial cells of vessels was classified qualitatively (at X20 magnification) as

weak (+), moderate (++), or intense (+++) by three blinded observers.

IT.6.Double immunofluorescence

For double-labeling of two antigens, paraffin sections were sequentially treated with

10% normal goat serum for 1 h, mouse monoclonal anti-activin A (dilution 1:100) at 4°C
overnight, biotinylated anti-mouse IgG (1:200, Vector Labs), and tetramethylrhodamine
isothiocyanate-labeled streptavidin (1:500, Zymed, San Francisco, CA, USA) for 1 h at room
temperature (RT). They were next washed and incubated for 1 h at RT with either rabbit
polyclonal anti-GFAP (1:400, Sigma-Aldrich) or biotinylated IB4 (1:50, Sigma-Aldrich).
After washing, the sections were incubated with either fluorescein isothiocyanate-conjugated
goat anti-mouse IgG (1:50, Sigma-Aldrich) or fluorescein isothiocyanate-labeled streptavidin
(1:500, Zymed) for 1 h at RT. To minimize lipofuscin autofluorescence, the sections were

next washed in PBS for 1 h at RT three times, dipped briefly in distilled water, treated with

-6 -
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10 mM copper sulfate in 50 mM ammonium acetate buffer (pH 5.0) for 20 min, briefly

dipped in distilled water again, and returned to PBS. Stained sections were examined under a
BX-51 fluorescence microscope (Olympus, Tokyo, Japan). Captured images were merged

using Adobe Photoshop 7.0 software (Adobe Systems, San Jose, CA, USA) to allow

assessment of co-localization.
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¥2, Results

IIT.1.Behavioral changes and histopathological findings following SCI

After clip compression injury in rat spinal cords, all rats showed complete hindlimb
paralysis. Although no hindlimb paralysis was observed in sham-operated control rats, all
SClI rats with Basso, Beattie, and Bresnahan (BBB) locomotor rating scale (Basso et al.,
1995) scores of ‘0’ (data not shown) were subjected to histological examination. In the spinal
cords of sham-operated control rats, no pathological lesions were found in longitudinal (Fig.
1A) or cross-sectional (Fig. 1C) sections. At day 1 post-injury (PI), there was hemorrhage,
edema, and neural loss in the core spinal cord lesions (Fig. 1D). At day 4 P, in longitudinal
section analysis, in areas extending approximately 5 mm from the core lesions in the cranial
and caudal directions, edema, hemorrhage, and vacuoles were found (Fig. 1B). Massive
infiltration of macrophages was found at injury sites in the cross-sections (Fig. 1E). At day 7
PI, histological lesions were similar to those at day 4 (Fig. 1F). All pathological findings in
this study were largely similar to those of our previous studies (Jung et al., 2003; Kim et al.,

2003; Moon et al., 2004a; 2004b; Shin , 2007; Song et al., 2009).
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Figure 1. Histopathological findings in spinal cord injury (SCI). Histological findings in the
spinal cords of sham control rats (A and C) and rats with SCI at days 1 (D), 4 (B and E), and
7 PI (F). (A and B) Longitudinal sections of spinal cord lesions approximately 5 mm cranial
and caudal to the core lesion. (C-F) Cross-sections of core lesions of spinal cords from
sham-operated control rats (C) and injured rats (D-F). Dotted line: clip injury boundary.

Hematoxylin-eosin staining. Scale bars: (A and B), 1,000 um; (C-F), 50 pm.

- 10 -
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IIT.2. Western blot analysis of activin A

Western blot analysis was used to examine changes in activin A protein levels in the
spinal cord after compression injury (Fig. 2). Activin A was quite weakly detected in spinal
cords from sham-operated control rats, and its expression was arbitrarily given a value of 1.
Levels were slightly increased in the spinal cord at day 1 PI (relative optimal density [OD],
2.93-fold + 0.54, n=3, p<0.05), peaked at day 4 PI (relative OD, 4.10-fold = 0.85, n=3,

p<0.01), and were slightly lower at day 7 PI (relative OD, 2.63-fold = 0.04, n=3, p<0.05).

11 -
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Figure 2. Western blot analysis of activin A expression in the spinal cords of rats with SCI.
(A) Representative images of Western blot analysis of activin A and B-actin in the spinal
cords of sham control rats and rats with SCI at days 1, 4, and 7 PL. Arrows indicate activin A
(approximate molecular weight 25 kDa) and B-actin (45 kDa) protein bands. Lane 1, sham
control (Sham); lane 2, SCI day 1 PI; lane 3, SCI day 4 PI; lane 4, SCI day 7 PI. (B) Bar
graphs of semi-quantitative densitometric data (mean+SE, #n=3 per group). Relative activin A
expression in each sample was calculated after normalization to the B-actin signal. Sham
controls were arbitrarily given a value of 1. *p<0.05, **p<0.01 vs. sham controls; *p<0.05

vs. day 4 PL

- 13 -
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IIT.3. Immunohistochemical localization of Activin A

In the spinal cords of sham-operated rats, activin A immunostaining in the gray
matter was weakly detected at low magnification (Fig. 3A). At high magnification, it was
also weakly detected in some vessels and neurons (Fig. 3B, arrows). At day 1 PI, activin A
immunoreactivity was diffuse in disorganized spinal cords, as assessed by visualization at
low magnification (Fig. 3C); positive neurons and glial cells were detected at a higher
magnification (Fig. 3D). The immunoreactivity was stronger at day 4 PI than at day 1 P, as
assessed at low magnification (Fig. 3E). At day 4 PL, it was detected in some glial cells (Fig.
3F, arrowheads), as well as some large cells with cytoplasmic granules, including phagocytes
(Fig. 3F, arrows) and neurons (Fig. 3F). At day 7 PI, the immunoreactivity, as detected at low
magnification, was weaker than at day 4 PI (Fig. 3G). Activin A-positive cell patterns at day

7 PI were similar to that at day 4 PI (Fig. 3H).

- 14 -

Collection @ jeju



Sham control ; Sham control 5

t<4

—

(k] - R

1 1
Ll ; &

: day 7 Rk s
AL T o

"a\
\:‘v"

Core lesion (T9/T10)

G

- 15 -

Collection @ jeju



Figure 3. Immunohistochemical staining of activin A in spinal cords from sham control rats
(A and B) and from SClI rats at days 1 (C and D), 4 (E and F), and 7 PI (G and H). (B, D, F,
and H) Higher-magnification images of (A, C, F, and H), respectively. In spinal cords from
sham control rats, activin A was detected in some vessels (B, arrows) and neurons (B, inset).
In the injured spinal cords, diffuse activin A immunostaining was detected in core and
peripheral lesions at day 1 PI (C and D). At day 4 PI (E and F), large phagocytic cells (F,
arrows) with cytoplasmic granules, glial cells (F, arrowheads), and the cytoplasm of neurons
(F, inset) showed increased immunoreactivity to activin A. At day 7 PI (G and H), fewer
activin A-positive large cells (H, arrows) and glial cells (H, arrowheads) were present in the
lesions. Sections were counterstained with hematoxylin. Scale bars: (A, C, E, and G), 1,000

um; (B, D, F, and H), 50 um.
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IIT.4.Cell phenotype of activin A immunoreactivity in SCI lesions

To confirm the phenotypes of cells that express activin A in SCI rats, spinal cord
sections were subjected to double immunofluorescence staining for anti-activin A and either
anti-isolectin B4 (IB4) or glial fibrillary acidic protein (GFAP). The majority of activin A-
positive cells were also positive for IB4 (Fig. 4C) or GFAP (Fig. 4F). These results suggest
that the round cells and glial cells may be macrophages and astrocytes, respectively. Activin
A was detected in oligodendrocytes and vessels in mirror sections immunostained with anti-
2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNPase) or IB4 and anti-activin A,
respectively, indicating that activin A (Fig. 5B and D) co-localized with CNPase (Fig. 5A)
and IB4 (Fig. 5C), confirming that oligodendrocytes and vessels express activin A. The
results of immunohistochemical analysis of activin A expression in SCI rats are summarized

in Table 1.

- 17 -
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Figure 4. Double immunofluorescence staining of SCI sections at day 4 PI was performed to
detect activin A (red) and IB4 (green) (A-C) or activin A (red) and GFAP (green) (D-F).
Arrows indicate activin A-expressing IB4-positive macrophages and GFAP-positive

astrocytes. Scale bars: 20 um.
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Figure 5. Immunohistochemical localization of CNPase, activin A, and 1B4 at day 4 PI in
mirror sections of spinal cords. CNPase (A; arrow) and IB4 (C; arrow) colocalized with
activin A (B and D; arrows) in mirror sections of spinal cords. The sections shown in (A and
B) and (C and D) are serial mirror sections. Sections were counterstained with hematoxylin.

Scale bars: 20 pm
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Table 1. Activin A immunoreactivity in the spinal cords of control and spinal cord injury

(SCI) rats.”
Cell type Sham controls scr’
Day 1 PI Day 4 PI Day 7 PI

Macrophages ND°¢ +4 T+ T
Astrocytes - + ++ ++
Oligodendrocytes - + + +
Neurons +° + ++ ++
Vascular endothelial +° + + +
cells

“Three different sections from three animals per group were examined by three blinded
observers.

"Spinal cords were obtained from rats at day 1, 4, and 7 post-injury (PI).

‘ND, macrophages not detected in the spinal cords

Activin A-immunoreactive cells in the spinal cords of rats in each group were scored (at x20
magnification) as negative (—), <20 positive cells (+), 20-50 positive cells (++), and >50
positive cells (+++).

‘Intensity of activin A staining in neurons and endothelial cells of vessels was classified as

weak (+), moderate (++), or intense (+++) by three blinded observers.

- 20 -
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¥3., Discussion

This is the first report of the increased expression of activin A in SCI lesions. We
examined the activin A response during acute severe SCI induced using vascular clips.
Activin A was constitutively expressed in the spinal cords of sham-operated control rats.
Levels increased at days 1 and 4 PI, and declined between day 4 and day 7 PI. Our data
suggest that overexpression of activin A after SCI plays an important role in inflammation in
the central nervous system, such as that associated with SCL

Immunohistochemical analysis of spinal cords from sham control rats detected
activin A in vessels and neurons. We believe that major sources of activin A were the
cerebrospinal fluid and the plasma, because it was diffusely detected in the parenchyma at
day 1 PI, as previously reported (Michel et al., 2003) in rabbits with bacterial meningitis
associated with activation of the microglia (Michel et al., 2003). At days 4 and 7 PI, the
major sources of activin A were astrocytes, macrophages, and neurons. However, expression
of activin A was decreased at day 7 PI.

In the CNS, activin A is produced by neurons. Its production is elevated following
neuronal damage, suggesting that it may participate in protective mechanisms (Florio et al.,
2007). In an animal model of excitotoxic injury, activin A produced neuroprotective effects
in combination with basic fibroblast growth factor (bFGF) (Tretter et al., 2000). Activin A
released from astrocytes inhibits the gliotic response (Abdipranoto-Cowley et al., 2009). In
addition, activin A signaling stimulates neurogenesis after neurodegeneration by inhibiting
inflammatory and gliotic mechanisms (Abdipranoto-Cowley et al., 2009). Activin expression

-21 -
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has been detected in many immune cells, including macrophages (Ebert et al., 2007).
Secreted activin A negatively regulates the production of cytokines and chemokines (Robson
et al.,, 2008). Activin A in macrophages may thus prevent the uncontrolled release of
cytokines/chemokines. In microglia, activin B4 mRNA was detected after hypoxic-ischemic
injury (Michel et al., 2003).

In a previous study, treatment with the activin A antagonist follistatin showed that
neurogenesis does not proceed after neurodegeneration in a kainic acid-induced animal
model (Abdipranoto-Cowley et al., 2009). We believe that injection of follistatin in an SCI
model reduces the activation of activin A, and thus delays neurogenesis and recovery from
paralysis in SCIL.

In conclusion, activin A was mainly expressed in macrophages, astrocytes, and
neurons in SCI lesions, and possibly has beneficial neuroprotective and anti-inflammatory
roles. We propose that increased activin A levels in CNS lesions help to modulate
neurodegeneration. However, defining the precise role of activin A in SCI requires further

study.
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